Background/Aims: Dairy cows with ketosis are characterized by oxidative stress and hepatic damage. The aim of this study was to investigate hepatic oxidative stress and the apoptotic status of ketotic cows, as well as the underlying apoptosis pathway. Methods: The blood aspartate aminotransferase (AST), alanine aminotransferase (ALT), glutamate dehydrogenase (GLDH) and gamma-glutamyl transferase (GGT) activities and the haptoglobin (HP), serum amyloid A (SAA) and serum apoptotic cytokeratin 18 neo-epitope M30 (CK18 M30) concentrations were determined by commercially available kits and ELISA kits, respectively. Liver histology, TUNEL and Oil red O staining were performed in liver tissue samples. TG contents were measured using an enzymatic kit; Caspase 3 assays were carried out using the Caspase 3 activity assay kit; oxidation and antioxidant markers were measured using biochemical kits; apoptosis pathway were determined by qRT-PCR and western blot. Results: Ketotic cows displayed hepatic fat accumulation. The hepatic malondialdehyde (MDA) content was significantly increased, but the activities of catalase (CAT), superoxide dismutase (SOD) and glutathione peroxidase (GSHPx) were markedly decreased in ketotic cows compared with control cows, indicating that ketotic cows displayed severe oxidative stress. Significantly higher serum levels of the hepatic damage markers AST, ALT, GGT and GLDH were observed in ketotic cows than in control cows. The blood concentration of the apoptotic marker CK18 M30 and the number of TUNEL-positive cells in the liver of ketotic cows were 1.19-and 2.61-fold, respectively, higher than the values observed in control cows. Besides, Caspase 3 activity was significantly increased in the liver of ketosis cows. Importantly, the levels of phosphorylated c-Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase (p38MAPK) were significantly increased but the level of phosphorylated extracellular signal-regulated kinase1/2 (ERK1/2) was markedly decreased, which further promoted tumor protein 53 (p53) expression and inhibited nuclear factor E2-related factor 2 (Nrf2) expression. The apoptosis-related molecules p21, MDM2, Caspase 3, Caspase 9 and Bax were expressed at significantly higher levels in ketotic cows than in healthy cows, whereas the anti-apoptosis molecule Bcl-2 was expressed at significantly lower levels.
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Introduction
The transition period between late pregnancy and early lactation is certainly a stage with a high incidence of nutrition-mediated metabolic diseases, such as ketosis and fatty liver, in dairy cows. Postpartum dairy cows are often in a state of negative energy balance (NEB) that is induced by a low intake of dry matter and an increased demand for energy to support milk production [1] . NEB initiates fat mobilization and a subsequent increase in the blood concentration of non-esterified fatty acids (NEFAs) and β-hydroxybutyrate (BHBA) [2] . According to Li et al., oxidative stress is observed in the postpartum and ketotic cows and is related to hyperketonemia and high NEFA levels [3] .
Dairy cows with ketosis display high blood free fatty acid levels and hepatic lipid accumulation. Excessive hepatic lipid accumulation impairs mitochondrial function, energy metabolism, and cellular signal transduction, among other pathways (first hit) [4] . Furthermore, lipid accumulation results in reactive oxygen species (ROS) overproduction. Based on the results from human and mouse studies, high levels of ROS induce lipid peroxidation, changes in protein structural and strand breaks in nucleic acids to damage cells and organelles by altering cell membrane integrity and function, thereby inducing the "second hit" and resulting in apoptosis [5] . Apoptosis is a process by which cell death is initiated and completed in an orderly manner through the activation and/or synthesis of gene products necessary for cell destruction. Among these gene products, the mitogenactivated protein kinase (MAPK) family (c-Jun N-terminal kinase (JNK), extracellular signalregulated kinase 1/2 (ERK1/2) and p38 mitogen-activated protein kinase (p38 MAPK)), tumor protein p53 (p53), Bcl-2 family, and cysteine-dependent aspartate-specific proteases (Caspase) family play important roles in regulating apoptosis induced by various stresses [6] [7] [8] . ERK1/2, which is activated by growth factors, is required for cell survival by promoting proliferation, differentiation, and development [9] . In contrast, JNK and p38 MAPK are involved in apoptosis by increasing the cell death rate [10] . In human and mouse studies, the changes in MAPKs that are induced by many stimuli are influenced by the transcription or phosphorylation of the redox-sensitive transcription factors p53 and nuclear factor E2-related factor 2 (Nrf2), contributing to the changes in the expression of downstream proapoptotic and anti-apoptotic genes [11, 12] .
As shown in our previous studies, oxidative stress and hepatic damage occur in dairy cows with ketosis [3, 13] . Importantly, Tharwat et al. reported that high levels of Caspase 3-positive and single-stranded DNA-(ssDNA)-positive cells in postpartum cows or cows with liver fatty infiltration in the liver, indicating that hepatocyte apoptosis is induced in dairy cows undergoing parturition or with fatty infiltration [14, 15] . Nevertheless, hepatic oxidative stress, the apoptotic status and changes in apoptotic pathways and apoptotic genes in ketotic cows were not evaluated in previous studies. The aim of this study was to investigate these parameters, to provide valuable information that will improve our understanding of the pathologic mechanism of ketosis.
Materials and Methods

Animals
The Ethics Committee on the Use and Care of Animals at Jilin University, Changchun, China approved the study protocol (2015 clinical trial ). A routine physical examination was performed on each cow, including a determination of the rectal temperature, respiratory rate and pulse rate, to ensure the cows did not have other co-morbidities. We chose lactating Holstein cows from a 10, 000-cow dairy farm located in Changchun City, Jilin Province, China. A basic description of the ketotic and healthy cows is provided in Table 1 . Cows were fed a total mixed ration (TMR) ad libitum once per day at 1100 h; the TMR met the animals' nutritional requirements [3] . The basal diet formulation was shown in Table 2 and 3. Several studies had reported that ketosis was defined as a serum BHBA > 1.2 mM [16, 17] . Besides, serum glucose level was an auxiliary indicator in the diagnosis of ketosis. Therefore, according to the serum BHBA and glucose concentrations, thirty cows were divided into a healthy cow group (15 cows) and a ketotic (Type I) cow group (15 cows). In healthy cows, the serum BHBA concentration was less than 0.6 mM, the glucose concentration was higher than 3.75 mM. In ketotic cows, the serum BHBA concentration was greater than 1.2 mM, the glucose concentration was less than 2.5 mM. Liver tissue samples (approximately 150 mg) were removed from the 11th or 12th right intercostal space by using a liver puncture needle (Shanghai Surgical Equipment Factory, Shanghai, China) after blood collection. Five liver samples from each group were dissected and most of each sample was fixed to perform liver histology, TUNEL staining and Oil red O staining; the remaining liver tissues were frozen in liquid nitrogen to extract total RNA and measure TG content. Ten liver samples from each group were frozen in liquid nitrogen to measure TG contents and Caspase 3 activity, analyze oxidation and antioxidant markers, and extract RNA and protein. During the experiments, cows were housed in a climate-controlled barn in individual tie stalls to reduce environmental effects.
Blood samples and analytical procedures
Blood samples were collected via coccygeal venipuncture at 3, 5, 7 and 9 d after calving before feeding and immediately centrifuged at 3, 500 g for 15 min at 4 °C. The serum was obtained, stored at -80 °C and used to measure the levels of biochemical indicators end enzyme activities. Serum BHBA, NEFA and glucose levels were determined with a Hitachi 7170 autoanalyzer (Hitachi, Tokyo, Japan) using a commercially available kit (Randox Laboratories, Crumlin, UK). The activities of aspartate aminotransferase (AST), alanine aminotransferase (ALT), glutamate dehydrogenase (GLDH) and gamma-glutamyl transferase (GGT) were determined with an automatic biochemical analyzer (Sekisui Medical Co., Ltd., Tokyo, Japan) using commercially available kits (Randox Laboratories, Crumlin, UK). The concentrations of haptoglobin (HP) and Table 3 . Nutrient composition (% of DM), DM, dry matter; NEL, net energy for lactation; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fibre; NFC, non-fibre carbohydrate Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry serum amyloid A (SAA) were determined using ELISA kits (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China). The intra-and inter-assay coefficients of variation were 9.0% and 11% for HP, and 8.8% and 10.0% for SAA, respectively. Samples were analyzed in duplicate and absorbance values were measured at 450 nm for HP and SAA using a spectrophotometer (Thermo Scientific Instruments Inc., Shanghai, China). The minimum detection limit of these assays both were 10 ng/L. Serum apoptotic cytokeratin 18 neo-epitope M30 (CK18 M30) levels were determined using an ELISA kit, according to the manufacturer's instructions with 450 nm (Shanghai Enzyme-linked Biotechnology Co., Ltd., Shanghai, China). The intra-and inter-assay coefficients of variation for M30 were 9.0% and 11% for M30, respectively.
Liver histology
Liver tissues were fixed with 10% formaldehyde in a neutral buffer solution, embedded in paraffin, and cut into 8 μm sections. Liver sections were stained with hematoxylin/eosin (H&E). For Oil red O staining, liver tissues were frozen in OCT compound (Sakura Finetek Co, Torrance, CA, USA), sectioned into 8 μm slices at -18 °C, stained with Oil red O (Sigma-Aldrich Co. St. Louis, MO, USA) and counterstained with hematoxylin.
Measurement of liver TG contents
TG contents were measured using an enzymatic kit (Applygen Technologies Inc., Beijing, China) following the manufacturer's instructions. The total protein concentration was estimated using the BCA method (Applygen Technologies Inc., Beijing, China), according to manufacturer's instructions.
The analysis of hepatic oxidation and antioxidant markers
Liver tissue specimens were crushed with a microthermal (4 °C) tissue grinder (Shanghai Gino Tech & Trading Co., Ltd., Shanghai, China), diluted with ice-cold phosphate buffered saline (PBS), and then centrifuged at 12, 000 g for 10 min at 4 °C. The supernatant was used to analyze the levels of oxidation and antioxidant markers. The malondialdehyde (MDA) content and the activities of catalase (CAT), superoxide dismutase (SOD) and glutathione peroxidase (GSH-Px) were measured using biochemical kits (Nanjing Jian Cheng Institute of Bioengineering, Nanjing, Jiangsu, China), according to the manufacturer's instructions. The MDA measurement was based on the reaction with thiobarbituric acid (TBA) in acidic media at 95 °C and was determined at 533 nm. CAT activity was determined by measuring the decrease in H 2 O 2 decomposition based on the absorbance at 240 nm. SOD activity was determined at 550 nm using xanthine and xanthine oxidase systems. GSH-Px activity was detected by measuring the speed of GSH consumption, based on the reaction in which GSH is converted from its disulfide form (GSSG, glutathione disulfide) and H 2 O 2 is simultaneously reduced to H 2 O.
Caspase 3 activity assay Caspase 3 assays were carried out using the Caspase 3 activity assay kit (Beyotime Biotechnology Inc., Shanghai, China) following the manufacturer's instruction. In brief, total protein concentration was estimated by the BCA method. Approximately 50 μg protein was added to a reaction buffer containing Ac-DEVD-pNA (2 mM), incubated at 37 °C for 4 h, and the absorbance of yellow pNA was calculated with a spectrometer at 405 nm. Caspase 3 activity was normalized to protein concentrations.
TUNEL Staining
Liver tissue specimens were fixed with 10% formaldehyde in a neutral buffer solution overnight and stored in 70% ethanol. Samples were embedded in paraffin and sectioned at 5 μm for processing for TUNEL staining using the Fluorescence and Colorimetric TUNEL Apoptpsis Assay Kit (Nanjing Jian Cheng Institute of Bioengineering, Nanjing, Jiangsu, China), following the manufacturer's instructions. Subsequently, the coverslips were sealed with glycerol, and the samples were observed under a laser confocal microscope (FV500, Olympus, Tokyo, Japan).
Quantitative real-time polymerase chain reaction (qRT-PCR)
Total RNA was extracted from the liver using RNAiso Plus (TaKaRa Biotechnology Co., Ltd., Dalian, China), according to the manufacturer's instructions. RNA concentrations and quality were determined using an RNA/DNA calculator (Biochrom, Cambridge, UK) and electrophoresis (1% agarose gels). Then, 5 μg of total RNA were reverse-transcribed into cDNA using a reverse transcription kit (TaKaRa Biotechnology Co.,
Ltd., Dalian, China). We evaluated mRNA expression levels using qRT-PCR with the SYBR Green QuantiTect RT-PCR Kit (TaKaRa Biotechnology Co., Ltd., Dalian, China) and a 7500 Real-Time PCR System. The relative expression of each target gene was normalized to β-actin. qRT-PCR experiments were repeated fifteen times per group. The primers for each gene were designed using 
Western blotting assay
The total cellular proteins were extracted from the liver according to the manufacturer's instructions (Sangon Biotech Co., Ltd., Shanghai, China). The total protein concentration was estimated using the BCA method (Applygen Technologies Inc., Beijing, China), according to the manufacturer's instructions. Twenty micrograms of protein were separated on 12% SDS-PAGE gels and then electrophoretically transferred to a PVDF membrane. Next, the membranes were blocked with 3% bovine serum albumin (BSA) (SigmaAldrich Co. Table 4 were analyzed with a non-parametric test and expressed as medians and interquartile ranges. Other data were compared with a paired t-test and expressed as means ± SEM. All data were analyzed using SPSS (Statistical Package for the Social Sciences) 19.0 software (SPSS Incorporated, Chicago, IL, USA). A P value < 0.05 was considered statistically significant and P value < 0.01 was marked significant compared to the control group. 
Statistical analysis Data shown
Results
Dairy cows with ketosis displayed hepatic oxidative stress and damage
Ketotic cows are characterized by high blood concentrations of NEFA and BHBA and hepatic TG accumulation. As shown in Table 4 , the TG content of ketotic cows was much higher than control cows (P <0.01). Moreover, according to the Oil red O and H&E staining, the livers of ketotic cows displayed significantly increased lipid accumulation (Fig. 1) . In addition, we determined the serum levels of the inflammatory markers HP and SAA and found that HP and SAA levels were significantly increased in ketotic cows (Table 4) .
Furthermore, we detected the hepatic oxidative stress status in ketotic and healthy cows. As shown in Fig. 2A , the hepatic content of the oxidation indicator MDA was significantly increased in ketotic cows compared with control cows (P <0.01). Conversely, the hepatic activities of the antioxidant enzymes CAT, GSH-Px, and SOD were significantly reduced in ketotic cows compared with control cows (Fig. 2 B, C and D; P <0.01). Besides, as shown in Table 4 , significantly higher AST, ALT, GLDH, and GGT levels were observed in ketotic cows than in control cows (P <0.01), indicating that ketotic cows displayed severe hepatic damage.
Ketotic cows displayed hepatic apoptosis
We measured the serum M30 concentrations to investigate the apoptotic status of ketotic cows. As shown in Fig. 3A , a markedly higher M30 content was observed in ketotic cows (median: 268 U/L; interquartile range: 175-357 U/L) than in control cows (median: 125 U/L; interquartile range: 80-168 U/L) (P <0.01). In addition, we measured the hepatic Caspase 3 activity to detect the hepatic apoptotic status of ketotic cows. The result showed that Caspase 3 activity was significantly increased in the liver of ketotic cows (Fig. 3B) . TUNEL staining was performed on hepatic samples to further evaluate the apoptotic status of the A: Western blots for p38MAPK, p-p38MAPK, JNK, p-JNK and ERK, p-ERK and β-actin in liver samples from ketotic (n = 10) and healthy cows (n = 10); B: Levels of phosphorylated p38MAPK, JNK and ERK in the livers of ketotic (n = 10) and healthy cows (n = 10). C: Western blots for cleaved-Caspase 3, Caspase 9, Bcl-2, Bax, Nrf2, phosphorylated p53 and p53 in liver samples from ketotic (n = 10) and healthy cows (n = 10); D: Relative expression levels of the cleaved-Caspase 3, Caspase 9, Bcl-2, Bax, Nrf2, phosphorylated p53 and p53 proteins in the livers of ketotic (n = 10) and healthy cows (n = 10); E: Expression levels of the Caspase 3, Caspase 9, Bcl-2, Bax, Nrf2, p53, p21 and MDM2 mRNAs in the livers of ketotic (n = 15) and healthy cows (n = 15). The data are presented as means ± SEM.
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liver in ketotic cows. A significantly greater number of TUNEL-positive cells were observed in ketotic cows than in healthy cows ( Fig. 4A and B) . Based on these result, ketotic cows display severe hepatic apoptosis.
Changes in apoptotic signaling pathways in ketotic cows
We detected the levels of phosphorylated ERK1/2, JNK, and p38MAPK, and the protein and mRNA levels of apoptotic and anti-apoptotic molecule to investigate the role of MAPKs pathway in hepatic apoptosis in ketotic cows. As shown in Fig. 5A and B, the levels of phosphorylated JNK and p38MAPK were significantly increased (P <0.01), whereas the levels of phosphorylated ERK1/2 were significantly decreased (P <0.05) in the livers of ketotic cows. Furthermore, significantly higher levels of phosphorylated p53, p53 and apoptotic proteins cleaved-Caspase 3, Caspase 9 and Bax were observed in ketotic cows than in control cows ( Fig. 5C and D ; P <0.05, P <0.01). However, significantly lower levels of the Nrf2 protein and anti-apoptotic molecule Bcl-2 were observed in ketotic cows than in healthy cows ( Fig. 5C and D; P <0.01) ., The mRNA levels of apoptotic and anti-apoptotic molecules were detected using qRT-PCR to further evaluate the hepatic apoptotic signaling pathway in ketotic cows. The levels of the p53, p21, MDM2, Caspase 3, Caspase 9 and Bax mRNAs were significantly increased in ketotic cows compared with healthy cows ( Fig. 5E ; P <0.01). However, the levels of the Nrf2 and Bcl-2 mRNAs were significantly decreased in ketotic cows ( Fig. 5E ; P <0.01). Taken together, hepatic MAPK pathways are over-induced and partially mediate the apoptotic damage in the liver of ketotic cows.
Discussion
Dairy cows with ketosis display oxidative stress and hepatic damage. However, hepatic apoptotic status has never been investigated in dairy cows with ketosis. In this study, we firstly found that the hepatic MAPK apoptosis pathways were over-induced in ketotic cows. More importantly, over-induced MAPK pathways partially mediated apoptotic damage in the liver of ketotic cows.
Postpartum dairy cows usually experience NEB due to increased energy demands and decreased dry matter intake. NEB initiates fat mobilization and subsequent increases in blood NEFA and ketone body concentrations [18] . Excess NEFAs are re-esterified into TG, causing hepatic fat accumulation. In our study, hepatic Oil red O and H&E staining and TG measurements showed that ketotic cows displayed hepatic fat accumulation. Nevertheless, excessive hepatic fat accumulation may increase the inflammatory response. The concentrations of the inflammatory markers HP and SAA were markedly increased in ketotic cows in our study. Thus, ketotic cows exhibit hepatic fat accumulation and systemic inflammation.
Based on accumulation evidence, excess lipid accumulation promotes lipotoxicity and may induce hepatic injury and inflammation in mice by generating oxidative stress [19, 20] . In addition, oxidative stress participates in the inflammatory response to liver disease in a variety of human conditions and experimental animal models [21, 22] . According to clinical investigations and in vivo data, cows with ketosis display oxidative stress and associated with NEFAs and ketone body [23] . Unfortunately, the evaluation of the oxidative stress status of dairy cows has mainly been performed by determining the levels oxidative and antioxidative parameters in blood. In this study, liver biopsies were performed to measure the oxidative stress parameters. The hepatic MDA content was significantly increased, but the CAT, SOD, and GSH-Px activities were significantly reduced in ketotic cows compared with control cows. Based on these results, ketotic cows display severe hepatic oxidative stress. As shown in human and mouse studies, oxidative stress results in lipid peroxidation, DNA damage, mitochondrial dysfunction, and finally induce cell apoptosis and tissue injury [5] . We therefore determined the blood levels of the hepatic function indicators AST, ALT, GLDH, and GGT. The blood concentrations of AST, ALT, GLDH, and GGT were significantly increased Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry in the ketotic cows, indicating ketotic cows displayed hepatic damage. Similarly, Li et al. also reported a significant increase in the blood AST and ALT levels in dairy cows with ketosis [3] , further supporting our results. Severe oxidative stress may induce apoptosis. In human, apoptosis is associated with several metabolic diseases, such as diabetes, obesity and NAFLD [24] . Similarly, oxidative stress and apoptosis are also involved in metabolic diseases of dairy cows. In the present study, we found that the blood concentration of apoptosis marker M30, hepatic Caspase 3 activity, and the number of TUNEL-positive cells were significantly increased in the ketotic cows. Thus, ketotic cows also display severe hepatic apoptosis. Hepatic apoptotic damage resulted from the oxidative stress-induced "second hit", and further impaired the metabolic function of liver cells.
Apoptosis is the major type of programmed cell death that occurs when DNA damage is irreparable, and it is mediated by many signaling pathways. Among the signaling pathways that respond to stress, MAPK family members are crucial for the maintenance of cell function, and are important signal transduction mediators that respond to a wide range of extracellular stresses, particularly oxidative stress [25] . Three subfamilies of MAPKs have been identified: ERK1/2, JNKs, and p38-MAPKs. ERKs were originally reported to be important for cell survival, whereas JNKs and p38-MAPKs were deemed stress-responsive MAPKs involved in apoptosis [9, 10] . However, changes in hepatic MAPKs pathways have not been characterized in ketotic cows. In the present study, the levels of phosphorylated JNK and p38MAPK were significantly increased, but the levels of phosphorylated ERK1/2 were significantly decreased. Thus, the MAPK apoptotic pathways were involved in the hepatic apoptosis in ketotic cows. As shown in our previous studies, high levels of NEFA and a BHBA treatment significantly increased levels of phosphorylated p38MAPK and induced apoptosis in bovine hepatocytes in vitro [26, 27] . Furthermore, according to Konishi et al., overactivation of JNK may promote human colon cancer cell apoptosis [28] . As shown in the study by Feng et al., ERK S-nitrosylation inhibits its phosphorylation and triggers the apoptotic program in MCF-7 cells [29] . Thus, MAPK pathways play crucial roles in the induction of apoptosis. Therefore, the overactivation of JNK and p38MAPK and inhibition of ERK1/2 mediated the apoptotic damage in the liver of ketotic cows and further promoted the development of ketosis.
The activation of MAPKs regulates downstream redox-sensitive transcription factors, such as p53 and Nrf2, to control the expression of downstream pro-apoptotic and antiapoptotic genes [30, 31] . Nrf2 regulates the transcription of a number of antioxidant enzymes by binding to the antioxidant response element (ARE) in the promoter regions of genes such as glutathione synthesis enzymes and thioredoxin-1, among others, and regulates the expression of the anti-apoptotic gene Bcl-2. According to Niture and Jaiswal, the Nrf2 protein up-regulates the anti-apoptotic protein Bcl-2 and prevents cellular apoptosis in human hepatoblastoma (HepG2) cells [32] . However, the expression of apoptosis-related molecules has never been measured in the liver of dairy cows with ketosis. In our study, the levels of phosphorylated p53 and p53 proteins were significantly increased, but the levels of the Nrf2 protein were significantly decreased. Importantly, the expression levels of the pro-apoptotic molecules p21, MDM2, cleaved-Caspase 3, Caspase 9 and Bax were significantly increased in ketotic cows compared with healthy cows. Conversely, the levels of the Bcl-2 mRNA and protein were significantly decreased. Based on these results, ketotic cows display severe hepatic apoptosis and MAPK-p53-Nrf2 apoptotic pathway is over induced.
In summary, ketotic cows display severe hepatic oxidative stress and apoptotic damage. The hepatic MAPK-p53-Nrf2 pathway is over induced, which partially mediates the hepatic apoptotic damage and further aggravates the ketosis.
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